The loss of proteoglycan (PG) is regarded as one of the early signs of osteoarthritis (OA), 2 thus observing the progress of PG loss would be useful for the early detection of OA. In 3 this study, high-frequency ultrasound was used to monitor and analyze the trypsin-4 induced progressive degeneration in articular cartilage. Full-thickness cartilage-bone 5 specimens (n = 10) prepared from normal bovine patellae were digested using 0.25% 6 trypsin solution for different periods of time to evaluate the dynamic of the digestion 7 process. The trypsin penetration front was observed in M-mode image, which was 8 acquired using a nominal 50 MHz focused transducer. The transient speed of the 9 digestion process was estimated from the image. The digestion fraction, which represents 10 the ratio of the digestion depth to the total cartilage thickness, was estimated from 11 ultrasound data and histology sections. With ultrasound, the digestion fraction observed 12 in the 10 specimens ranged from 64 to 99%, and was correlated to that measured by 13 histology (R 2  0.63, p<0.05). It was found that the digestion speed decreased nonlinearly 14 with depth from 0.61 ± 0.16 m/s (mean ± SD) in the superficial zone to 0.04 ± 0.02 15 m/s in a region located at 70% of the cartilage thickness in depth. The relationship 16 between the digestion depth and the exposure duration in trypsin could be described 17 using a 3 rd order polynomial function. The full-thickness of digested and undigested 18 tissues was also measured using caliper, estimated from ultrasound data and histology 19 sections, and compared. These findings indicate that ultrasound could provide useful 20 information about the trypsin-induced progressive PG depletion in articular cartilage. 21
INTRODUCTION 1
Articular cartilage is a low frictional, load-bearing soft tissue, which covers the 2 articulating bony ends in diarthrodial joints. This tissue is a multi-phasic hydrated 3 mixture mainly composed of 5-10% proteoglycan (PG), 10-20% collagen, and 60-80% 4 water (Mow et al. 2005 ). It has been discovered that the aggregating PGs are bio-5 macromolecules negatively charged and enmeshed in the collagen matrix (Lai et al. 1991; 6 Maroudas 1976). PGs are also involved in binding cations and water. Therefore, they 7 play an important role in electrochemical mechanical properties of articular cartilage such 8 as shear modulus (Zhu et al. 1993 Torzilli et al. 1990 ). Since these early signs are not easy to detect, generally, 21 articular cartilage has already suffered serious and irreversible damage when OA can be 22
clinically diagnosed using X-ray. Therefore, detecting early signs of cartilage 23 echo at the interface between these tissues. The motion of this echo toward the bone, as 1 trypsin penetrates deeper in the cartilage, has been observed in M-mode images 2 (Nieminen et al. 2002; Zheng et al. 2004b) . 3 4 In this study, we investigate this ultrasound approach for tracking in real-time the 5 penetration of trypsin and measuring the transient speed of digestion. To validate this 6 method, measurements performed with ultrasound are compared with those obtained 7 using histology. Our results might provide useful information about the dynamic of the 8 digestion by trypsin and therefore some insight on the early stages of OA. They might 9 also provide a validation of the ultrasound approach for a real time evaluation of models 10 of OA. 11
12

MATERIALS AND METHODS 13
Specimen preparation 14
Fresh mature bovine patellae (n = 10) without apparent lesions were obtained from a 15 local butcher shop within 6 hours of slaughter and stored at -20C until further 16 preparation. One cartilage-bone plug was obtained from the upper-medial area of each 17 patella using a metallic punch with a diameter of 6.35 mm (Wang and Zheng 2006 ). The 18 cartilage-bone plugs were wrapped in wet gauze soaked with physiological saline and 19 stored at -20C until ultrasound examination. Before examination, each plug was cut into 20 two parts (1/3 and 2/3) (Fig. 1a) . The 2/3 portion samples were exposed to trypsin 21 digestion and monitored by ultrasound simultaneously. Both trypsin-treated (2/3 portion) 22 and control (1/3 protion) samples were assessed using histology. 23 1
Ultrasound examination and signal processing 2
Before ultrasound examination, each sample was first thawed for three hours in 3 physiological saline solution (0.15 M NaCl) at room temperature (21±1°C). Then, the 4 sample was fixed using the rubber gel (Blu-Tack, Thomastown, Australia) to the bottom 5 of the container. The outer ring of the surface of the cartilage disc, approximately 0.6 mm 6 in thickness, was gently covered by the rubber gel to ensure a trypsin penetration into the 7 cartilage sample from the surface top layer toward the cartilage-bone interface (Fig. 1 ). 8
The sample was then submerged in 0.15 M saline solution for another one hour. Then, the 9 saline solution was rapidly removed from the container using an injection syringe and 10 replaced with a trypsin solution (0.25%, Cat. No. 25200-056, GiBCO, Invitrogen Inc., 11
Burlington, ON, Canada). The fluid replacement was performed in approximately 30 s. 12 
13
Trypsin digestion in the sample was monitored using an ultrasound measurement system 14 developed in our laboratory ( 
RESULTS
18
The digestion depth is represented as a function of time in Fig. 3a for all tested specimens. 19
The average digestion depths at 1 hr, 2 hr, and 3 hr were 0.760.10 mm, 1.020.12 mm, 20 and 1.230.14 mm, respectively. A relatively good correlation was found between ultrasound and histology in the 15 measurements of the digestion fraction (R 2 = 0.63, p < 0.05). However, for partially 16 digested samples, the digestion fraction measured in histology was higher than that 17 estimated using ultrasound. This difference could potentially be explained by a number of 18 factors affecting these two techniques. On the histology side, these factors might include 19 tissue shrinkage due to the fixation process, limitation in the staining by safranin O, and a 20 potential residual digestion by trypsin between the end of the ultrasound experiments and 21 the histological process. On the ultrasound side, the only factor is a potential difference in 22 the speed of sound between digested and undigested tissues. 23 1 Although, tissue shrinkages or deformations due to fixation processes have been reported 2 in literature, the effects of the fixation by formalin, which has been used in our study, are 3 minimal (Luna 1992) . In this study we made the assumption that if shrinkage occurs, 4 digested and undigested tissues will be affected in the same proportion. This hypothesis 5 seemed to be verified in our experiments, since no significant difference in total thickness 6 was found between partially digested samples and their controls. Therefore, shrinkage 7
should not affect the digestion fraction, which represents the depth of PGs digestion 8 normalized by the total tissue thickness. 9
10
Staining by safranin O, on the other hand, might affect our histological findings. Indeed, 11 a study published by Camplejohn and Allard (1988) showed that some PGs (chondroitin 12 sulphate and keratan sulphate) were still present in regions of the cartilage not stained by 13 safranin O. Therefore, this would lead, in our experiments, to an overestimation of the 14 depth of digestion, since it was estimated by measuring the depth of the region unstained 15 by safranin O. Consequently, the digestion fraction would be overestimated. 16 of sound both in digested and undigested tissues in our experiments, the thickness of PG-6 depleted specimens would be overestimated. Furthermore, no significant difference was 7 found in cartilage thickness between the PG-depleted specimens and their respective 8 control using caliper, ultrasound and histology. Since a good correlation was found in the 9 measurement of the total cartilage thickness between histology and ultrasound, we can 10 also conclude that the choice of a speed sound of 1668 for the digested samples was 11 probably accurate. From this analysis, we can infer that the difference in digestion 12 fraction between histology and ultrasound is probably due to an inaccurate estimation of 13 the digestion depth of histology. 
